The effect of raw and anaerobically digested sludge on heat inactivation of poliovirus was investigated. Raw sludge was found to be very protective of poliovirus plaque-forming ability at all temperatures studied, but digested sludge had variable effects that were highly dependent upon the experimental conditions. In low concentrations and at relatively low inactivation temperatures, digested sludge is nearly as protective of poliovirus as raw sludge. However, at higher temperatures and concentrations, digested sludge caused a significant acceleration of poliovirus inactivation. The difference between the protective capability of raw and digested sludge is not due to loss of protective material, because this component is present in the solids of digested sludge as well as in those of raw sludge. Instead, the difference is due to a virucidal agent acquired during digestion. Addition of this agent to the solids of either raw or digested sludge reverses the protective potential of these solids during heat treatment of poliovirus.
One of the great challenges facing our urbanized society is the disposal ofmassive quantities of wastewater sludge. Conservation of this natural resource within the food chain offers an economically feasible and highly beneficial method of sludge disposal. However, direct utilization of sludge for such purposes as cropland fertilizer or feedlot supplement is limited by the presence of human pathogens.
Many of the enteric viruses found in wastewater are bound to solids and ultimately become a component of sludge (9, 10, 19) . A possible method of ridding sludge of these pathogens is heat treatment. Heating sludge at high temperatures for extended periods of time is not only a costly procedure, however, but one that may destroy a large portion of its potential value. Therefore, if viruses are to be inactivated in sludge by an elevation of temperature, it is highly desirable to define an effective treatment that requires a minimal amount of heat.
Viral disinfection in wastewater is commonly studied by using poliovirus as an indicator. A number of investigations have been made concerning the rate and mechanism of inactivation of this virus at various temperatures in defined media (2-4, [6] [7] [8] 20) . However, the rate of heat inactivation ofpoliovirus in sludge has not been measured. Because a variety of substances protect poliovirus against heat inactivation (cf. 8, 14, 16, 17) , the presence of sludge may cause a considerable reduction in its inactivation rate.
The purpose of this study was to determine the effects of raw and anaerobically digested sludge on the rate of heat inactivation of poliovirus.
MATERLALS AND METHODS
Cells and virus. Both the growth and plaquing of infectious virus were carried out on a line of HeLa cells, which was a gift of Roger Radloff (Department of Microbiology, University of New Mexico, Albuquerque). These cells were grown in monolayer cultures in Eagle medium containing 5% newborn calf serum.
Three strains of poliovirus were used. The attenuated type-1 strain CHAT was obtained from the American Type Culture Collection, and the type-1 strain Mahoney and type-2 strain 712-Ch-2ab were gifts of Karl Lonberg-Holm (Central Research and Development Department, E. I. duPont de Nemours & Co., Wilmington, Del.). Stock preparations of these viruses were made as described in an earlier paper (18) .
Heat treatment and infectivity assay of virus in sludge. Anaerobically digested sludge was obtained from the primary digester at the Albuquerque Sewage Treatment Plant, and raw sludge was collected immediately before it entered this same digester. The solids content of digested sludge ranged between 2 and 6% after being strained and blended, but raw sludge consistently contained about 2% solids. (18) . Samples of these preparations were mixed with sludge, heat treated, and prepared for analysis by the SDS-sonication procedure as described above. Before the effects of this treatment on radioactively labeled virus particles were examined, sludge solids were removed by centrifugation at 18 ,000 x g for 20 min. Recovery of labeled viruses in the supernatant fraction was determined by measuring a portion of each sample for both total radioactivity and radioactivity precipitable with 5% trichloroacetic acid. Total radioactivity was measured in Bray scintillation fluid, whereas acid-precipitable radioactivity was collected on membrane filters and measured in toluene-based scintillation fluid. Sedimentation analysis of labeled viruses was then carried out by centrifugation in glycerol gradients as previously described (18) .
RESULTS
Infectious polioviruses are fully recoverable from sludge. 25 and 50% invariably occurred in each of more than 10 replicate experiments after one of the three strains of virus (strain CHAT) was mixed with digested sludge. A detailed study (18) established that this loss is not caused by the inability to detect infectious virus but is due to viral inactivation by a component of digested sludge. Therefore, viruses that remain infectious after mixing with sludge are fully recoverable by the techniques used here.
Heat-induced loss of poliovirus plaqueforming units in sludge. The effect of raw and anaerobically digested sludge on the rate of loss of poliovirus (strain CHAT) plaque-forming units as a function of temperature was investigated. Raw sludge is quite protective of the virus at all temperatures studied here ( Fig. 1 ). On the other hand, the rate of loss of plaqueforming units in digested sludge relative to that occurring in buffer alone is dependent upon the temperature. At the lowest temperature studied (43°C), digested sludge is somewhat protective, but at the highest temperature used (51°C) digested sludge accelerates loss of titer.
Probably the most significant feature of the data presented in Fig. 1 is the dramatically different effects of raw and digested sludge in these experiments. The apparent explanations for this difference are that raw sludge either contains a protective substance that is lost upon digestion or acquires an activity during digestion that accelerates the rate of heat inactivation of poliovirus. However, a third explanation cannot be overlooked. Digested sludge may contain a component that is stimulated by heat to become strongly bound to poliovirus and, in so doing, mask the plaque-forming ability of otherwise infectious viruses. This latter possibility can be ruled out if it can be shown that the loss of poliovirus titer with heat in digested sludge is due to viral inactivation. Therefore, the physical nature of virus particles after heat treatment in digested sludge was investigated.
Breakdown of poliovirus during heat treatment in anaerobically digested sludge. The nature of poliovirus particles after heat treat- (Fig.  2) . Thus, poliovirus is broken down and irreversibly inactivated when heated in digested sludge.
Effects of different concentrations of sludge on heat inactivation of poliovirus. In the experiments presented above, undiluted sludge was seeded with poliovirus before heat treatment. In an attempt to determine the dif- (Table 4) . In contrast, an equivalent volume of the liquid fraction from raw or digested sludge was found to be totally unprotective in this experiment. These results show that the solids of both raw and digested sludge contain most of the protective component. They also support the previous conclusion that raw sludge retains its protective capability after anaerobic digestion.
The fraction of digested sludge that contains the virucidal component was then determined. Because this agent is much more readily expressed when present in high concentrations, heat inactivation of poliovirus was studied in fractionated samples from undiluted sludge. Most of the virucidal activity is removed with the liquid portion of digested sludge (Table 4) . However, even when the solids of digested sludge are washed several times with PBS to remove this component, these solids are still not as protective as those of raw sludge. In addition, a high concentration of digested sludge solids is not as protective as a low concentration. Therefore, it appears that a small (Table 4) . Therefore, some protective material is retained in the liquid fraction of raw sludge and is probably also still present in the supernatant of digested sludge. From this it appears that the actual rate of heat inactivation of poliovirus in digested sludge supernatant, as in other fractions of digested sludge, is determined by a competition between protective and virucidal components.
Taken together, these results conclusively demonstrate that anaerobically digested sludge contains both protective and virucidal components and that these components can, for the most part, be physically separated by the fractionation of sludge solids and liquid through centrifugation.
Reversal of raw sludge protection with the virucidal agent of digested sludge. The solids of both raw and digested sludge are highly protective of poliovirus during heat treatment, but inactivation occurs much more rapidly in digested than in raw sludge because a virucidal agent is acquired during digestion. Because this agent is found primarily in the liquid portion of digested sludge, it may be possible to resuspend the solids of raw sludge in this liquid and reverse the stabilizing effect on poliovirus normally provided by these solids. This is indeed the case for all three strains of poliovirus tested. The amount of heat inactivation of poliovirus that occurs during 5 min at 51°C in raw sludge is much greater in the presence than in the absence of the virucidal agent (Table 5). In fact, the amount of inactivation approaches that observed in digested sludge under these conditions. Therefore, once this agent has been identified, its addition to raw sludge should significantly reduce the heat requirements needed to inactivate poliovirus and possibly accelerate the inactivation of other viruses.
DISCUSSION
Although viruses are readily inactivated by heat, the rate of inactivation is highly depend- Another environmental system that has been found to contain two components with opposite effects on virus survival is seawater. Although seawater has been known to possess a virucidal capability for some time (1, (11) (12) (13) 15) , a limited separation of protective and virucidal components from seawater has only recently been carried out (5) . Possible similarities between the virucidal component of digested sludge and seawater have not been investigated.
We have previously shown that anaerobically digested sludge, but not raw sludge, contains a virucidal agent that inactivates poliovirus at much lower temperatures than those studied here (18) . It is quite likely that this agent is also responsible for accelerating heat inactivation of poliovirus. Confirmation of this suggestion awaits further characterization of this sludge component.
Although the solids of raw sludge are extremely protective during heat inactivation of poliovirus, this protection can be reversed by the addition of the liquid fraction of digested sludge. As a result, the temperature and time required for inactivation can be considerably reduced. Thus, it should be possible to heat inactivate poliovirus in raw as well as in digested sludge under rather mild conditions. The ability of the virucidal agent to reduce the heat required to inactivate other viruses is being investigated.
